First principles calculations of magnetic and electronic properties of VSe 2 describing the transition between two structural phases (H,T) were performed. Results of the calculations evidence rather low energy barrier ( 0.60 eV for monolayer) for transition between the phases. The energy required for the deviation of Se atom or whole layer of selenium atoms on a small angle up to 10 • from initial positions is also rather low, 0.32 and 0.19 eV/Se, respectively. The changes in band structure of VSe 2 caused by these motions of Se atoms should be taken into account for analysis of the experimental data. Simulations of the strain effects suggest that the experimentally observed T phase of VSe 2 monolayer is the ground state due a substrate-induced strain. Calculations of the difference in total energies of ferromagnetic and antiferromagnetic configurations evidence that the ferromagnetic configuration is the ground state of the system for all stable and intermediate atomic structures. Calculated phonon dispersions suggest visible influence of magnetic configurations on vibrational properties. arXiv:1909.11134v1 [cond-mat.str-el] 
INTRODUCTION
Monolayer VSe 2 is the one of the most intriguing members of the family of two-dimensional (2D) transition-metal dichalcogenides. This material attracts a special interest of the scientific community due to several recent discoveries, including in-plane piezoelectricity 1 , a pseudogap with Fermi arc 2 at temperatures above the charge density wave transition ( 220 K for the monolayer 3 ), and especially the existence of ferromagnetism in 2D system [4] [5] [6] [7] [8] [9] [10] [11] . Experimental results are rather contradictory. A strong roomtemperature ferromagnetism with a huge magnetic moment per formula unit has been reported for monolayer VSe 2 epitaxially grown on graphite 4 . A local magnetic phase contrast has also been observed by magnetic force microscopy at the room temperature at the edges of VSe 2 flakes exfoliated from a threedimensional crystal. 12 XMCD measurements evidence a spinfrustrated magnetic structure in VSe 2 on graphite. 13 Paramagnetism of bulk VSe 2 14,15 makes these observations more intriguing. Another situation was reported for the monolayers grown on bilayer graphene/silicon carbide substrate. In both works the absence of exchange splitting of the vanadium 3d bands observed in angle-resolved photoemission spectroscopy experiments was reported. This result contradicts to other studies that revealed a magnetization value not higher than 5 µ B . 16, 17 Based on these results we can conclude that the influence of the substrate is im- portant for description of the magnetic properties of these materials. Theoretical models have been developed to account for the above discrepant observations 4, 12, 16, 18 . These works mainly focused on the band structure and magnetic moments on vanadium sites. It has been proposed that the presence of charge density waves could cause the quenching of monolayer ferromagnetism due to the band gap opening induced by Peierls distortion 19 . Phonon spectra of several VSe 2 and similar systems were also considered theoretically 20, 21 . This modeling motivates us to study interplay between magnetism and structural phase transitions in VSe 2 . Additionally, there is a plethora of works demonstrating a relationship between the symmetry, electronic structure and magnetic properties in transitional metal compounds [22] [23] [24] [25] .
The VSe 2 crystal is formed from separate layers along the caxis direction. Two main phases for this material were predicted to be stable: the H phase characterized by Se stacked over each other and the T phase with one layers of Se rotated by 60 • around axis normal to the plane of layer. 18 Atomic structures of the VSe 2 monolayer in both H and T phases are shown in Fig.1 . Surprisingly, the reported binding energies for different configurations are almost the same despite the colossal difference in magnetic properties and electronic structure ( Fig.1 ). 18 This finding additionally motivates us to examine various aspects of structural phase transitions in bulk, few-layer and monolayer of VSe 2 . 
Computational method and model
Electronic properties of the VSe 2 system were simulated within Density Functional Theory (DFT) framework using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 26 as implemented in the Vienna ab-initio simulation package (VASP) 27, 28 with a plane-wave basis set. This approach gave reliable results for other systems similar to VSe 2 29 . Also we include van der Waals interaction using the method of Grimme (DFT (PBE)-D2) 30 . Taking into account London dispersion forces is essential for few-layer VSe 2 (see Table 1 and discussion in section 3.5).
The calculation parameters were chosen as follows. The energy cutoff equals to 400 eV and the energy convergence criteria is 10 −6 eV. For the Brillouin zone integration a 10 × 10 × 1 gamma centered grid was used for layered structures and 8 × 8 × 8 for bulk structures. A vacuum space more than 10 Å in the vertical z direction was introduced for layered structures. The technical parameters are similar to those used in the recent studies of phase stability in layered systems. 31, 32 The optimized atomic positions for T-phase and lattice parameters a = b = 3.31 Å and c = 6.20 Å are in good agreement with experiment 33 . In particular, the corresponding interlayer distance in bulk VSe 2 is 3.04 Å. The calculated band structures of VSe 2 monolayer in the T and H phases are in good agreement with previous works. 18 The calculated magnetic moment of 0.68 µ B for initial configuration without rotation of the selenium atoms also agrees with results of the previous work 34 .
To investigate the transition between H and T phases we performed self-consistent calculations of electronic structure and to-tal energies in transitional points between these phases. For this purpose, we rotate either one Se atom or all selenium atoms belonging to the upper layer of VSe 2 in supercell as schematically shown in Fig.2 . To trace the changes in electronic structure and magnetic properties the calculations for configurations with a 10 • rotation step were performed. Generally, the rotation can be realized within two models. The first one is to move Se in plane from initial to final point ( Fig.2 a and c) . The second one is to fix the constant V-Se distance for all intermediate steps, which produces an elevation of selenium atoms above the plane at intermediate steps of the migration ( Fig.2 b and d ). We will refer these rotation models as in-plane and arc rotation schemes, respectively. All the calculations were performed for the ferromagnetic ordering of the spins of vanadium atoms. 
Results and discussion

Rotation of single Se atom
At the first step of our study we have simulated the motion of the single Se atom in the monolayer (see Fig. 3 ). For simplicity, we considered an in-plane migration of the atom. Results of the calculations (Fig. 3 ) evidence a gradual increasing of the total energy of the system during the all processes of the rotation with maximal value at final point. The cause of the large magnitude of the energies and instability of the final configuration is in decreasing of the distance between moved and rigid Se atoms to the value of 1.92 Å. Thus we can conclude that the model of the single Se atom rotation is unrealistic and transition between T and H phases may be realized only with distortion of the whole selenium layer. Further we will consider only this kind of the structural phase transitions. The values of the magnetic moments calculated for intermediate configurations (Fig. 3 ) support our initial guess that the structural transition between the phases affects magnetic properties of VSe 2 . Note that a deviation of the selenium atoms from equilibrium positions on small angles (less than 10 • ) requires much smaller energies of about 0.32 eV and, therefore, should be taken into account for a realistic description of the atomic structure of VSe 2 at the room temperature. 
Rotation of the whole Se sheet in the VSe 2 monolayer
Having considered the results concerning the migration of the single Se atom we are in a position to analyze the case of whole upper Se-layer rotation, which will provide a better understanding of the transition between H and T phases. The performed simulations for 3×3 supercell with constant V-Se distances when Se atoms elevate from initial and starting positions ( Fig. 2 ) revealed the energy barrier of 0.60 eV that is smaller than that observed in the case of the in-plane rotation ( Fig.S1a in SI). Thus further we will consider only this type of the Se atom migration. To evaluate the temperature required to overcome this barrier one should establish a relation between the calculated energies of the process and temperature of the reactions. We have addressed this question in our previous work 35 and found that the barrier values of about 0.50 eV and 1.20 eV correspond to the room temperature and 200 • C, respectively. Thus, the energy barrier of 0.60 eV can be overcome already at the temperatures about 40 • C.
Four conclusions could be drawn from these results. (i) There is a possibility of the structural phase transition in previously stud-ied VSe 2 samples during measurements. (ii) For development of devices based on VSe 2 and similar monolayer systems one should take into account possibility of the structural phase transitions caused by the heating of the devices during work. Such a transition can significantly affect the work of the device due to difference in electronic structures of different phases (see Fig. 1 ,also changes in band structure Fig.S3 in SI). (iii) One can use VSe 2 and similar systems as temperature detectors. (iv) According to our results there is a low-energy cost to deviate the selenium atoms belonging to one layer on a small angle from the equilibrium positions. It means that one needs to account this for a realistic interpretation of the experimental data.
Moderate temperature of the transition between different structural phases requires an examination of the electronic structure and magnetic properties at intermediate steps of the structural phase transition. The obtained calculations results demonstrate that in the case of the ferromagnetic ground state the values of magnetic moments change gradually with small step of 10 • of the rotation of Se layer. From Fig.4 one can see that at 30 • the magnetic moment has the maximal value of 1.05µ B , which is about two times larger than that in the initial configuration. According to the calculated occupation matrices such a magnetic moment change is mainly related to the contributions of xy and x 2 − y 2 orbitals of vanadium atoms (see Fig. 5 ). Since the total occupation (spin-up + spin-down) of the different orbitals remain almost the same, the orbital magnetic moment values change is fully connected with a redistribution of the electrons between different spin channels due to change of the hybridization between V and Se. In the case of an antiferromagnetic configuration the situation is more complicated. First of all, the magnetic lattice of VSe 2 is frustrated one, which is in agreement with experimental observations. 13 This means that within a mean-field DFT approach we cannot define an antiferromagnetic collinear-type order cor-responding to minimum of the magnetic interaction energy for all V-V bonds, simultaneously. The second complication follows from the fact that the system in question is metal. It means that the magnetization of individual vanadium atom can be very sensitive to the orientation of the neighbouring magnetic moments 36 . Indeed, our DFT simulations of the VSe 2 supercell with antiferromagnetic ordering have revealed a strong suppression of the magnetic moment values of some vanadium atoms in the supercell. In addition, we observe that the details of the magnetic moments suppression strongly depend on the size of the supercell. In this complex situation some information on magnetic couplings in the VSe 2 system could be extracted by using the theory of infinitesimal spin rotations approximation 36, 37 . However, the magnetic couplings calculated in this way can be used for analysis only in the vicinity of the ferromagnetic configuration.
The values of the magnetic moments in AFM phase can be stabilized by inclusion of the on-site Coulomb interaction as can be done with DFT+U approach. However, the using of the DFT+U approach in the case of VSe 2 is questionable, since the experimental ARPES spectra are in good agreement with GGA band structure as it was shown in Refs. 13, 16, 38 . At the same time the inclusion of the Hubbard U leads to considerable changes in the band structure.
Thus, the energy difference between AFM and FM solutions for VSe 2 simulated with GGA does not allow us to construct a comprehensive magnetic model and estimate the corresponding magnetic interactions between vanadium atoms. Nevertheless, the results of these calculations evidence that despite the changes of electronic structure at intermediate steps the ferromagnetic configuration remains significantly energetically favorable in all the cases (Fig.6 ). Thus the possible structural distortions in VSe 2 will not provide a suppression of ferromagnetism. Our calculations demonstrate that possible transition from experimentally observed T phase toward H phase should provide an enhancement of ferromagnetic interactions and increasing of magnetic moment. To simulate the experimentally observed paramagnetic state of bulk VSe 2 14,15 one can use a dynamical mean-field theory.
Fig. 6
Difference of AFM and FM state total energies calculated in arc and plane rotation schemes for 3x3 supercell of VSe 2 monolayer.
Structural phase transition in bulk VSe 2
There are two main differences in the energetics of the structural phases transitions in bulk and monolayer VSe 2 . The first one is the almost the same value for the energies of the motion of Se layer within both rotation models ( Fig.7 and Fig.S1c in SI). The second one is increasing of the migration barrier (see Fig. 7 ). Both are related to the van der Waals interactions between the layers in the bulk VSe 2 . The analysis of the calculated partial density of states in this case leads to similar conclusions as above (see Fig.S2 in SI) In the case of the rotation of the Se atoms belonging to one layer with constant V-Se distance at intermediate steps of migration, the initial distance of 3.63 Å between rotated and fixed selenium layers decreases by 0.54 Å. This deviation from the optimal interlayer distance provides an increasing of the energy barrier (see also changes in band structure Fig.S4 in SI). The value of the energy barrier is corresponding with stability of the structural ground state in bulk crystal up to the temperatures above 100 • C. Note that in contrast to monolayer case the structural ground state of bulk VSe 2 is T configuration with ferromagnetic orientation of magnetic moments.
Structural phase transition in bi-and trilayers of VSe 2
Moreover, we examine the energetics of the structural phases transition in the top layer of bi-and trilayers VSe 2 with different stacking models (Fig. 8) . The notation of the types of Bernal stacking is similar to graphite. These results also can be applied for VSe 2 non-covalently attached to substrates.
Results of the calculations (Fig. 9 ) evidence similarity the case of few-layer VSe 2 with monolayer. The configuration of the H type corresponds to the structural ground state for all types of the stacking in few-layer case. The energy required for the transition from T to H phase is about 0.60 eV for AA-and AB-stacking in bilayer. In trilayer the most energetically favorable stacking orders are AAA and ABC.
Thus, similarly to free standing VSe 2 monolayer, in top layer of VSe 2 there can be transition between two structural configurations at a moderate heating. The magnetic moments of vanadium atoms belonging to the upper layer of the few-layer structures change from 0.64µ B to 0.82µ B . Such a change is fully connected with a redistribution of the electrons between different spin channels, main contributions are from xy and x 2 − y 2 orbitals of vanadium atoms similar to monolayer case. Therefore, the presence of the substrates does not influence significantly on sensitivity of bi-and trilayer VSe 2 systems to structural changes.
Interlayer binding energy
To understand the effect of interlayer interactions on structural properties we have checked interlayer distances and binding energies. The binding energies E b for different VSe 2 structures were calculated by using the following expression E b = (E−n * E mono )/m, where E is the total energy of considered system, E mono -total energy of monolayer, n -number of layers in the considered system, m -average number of interlayer interactions (m = 2, 3/2 and 1 for bulk, 3 and 2-layers, respectively). Results of these calculations are presented in Table 1 .
In the case when van der Waals interaction is neglected we obtain that the distance between V-V atoms belonging to the same layer is 3.33 Å and the Se-Se interlayer distance equals to 3.12 Å. When the van der Waals interaction is taken into account such distances equal to 3.31 Å and 3.04 Å, respectively. In 2-and 3layer cases we considered the structures (Fig.8) with the lowest total energies. Calculated values of the binding energies evidence that few-layer VSe 2 is pure van der Waals structure in contrast to bulk VSe 2 where London dispersion forces is a small addition to electrostatic interactions between V-cations and Se-anions from different layers. The changes of interlayer distances are proportional to contribution of the dispersion forces to the binding energies (about 0.1 Å in bulk and 0.4 -0.6 Å in few-layer systems). Therefore, the energy difference in migration barriers in bulk and few-layer VSe 2 can be explained by contribution from electrostatic repulsion of anions from the layer above. Table 1 Interlayer binding energies (meV/formula unit) and interlayer distances calculated for different VSe 2 structures with and without vdW interaction.
Phonon dispersion
To complete the picture of physical properties of VSe 2 monolayer we have performed calculations of phonon dispersions by using VASP and Phonopy packages 39 . These combination of the packages is widely used for studying of vibrational properties in similar systems. 31 For such calculations we used 3 × 3 × 1 supercell to obtain sets of forces and mesh grids: 10 × 10 × 1 for monolayer and 6 × 6 × 6 for bulk. Both H and T phases in nonmagnetic and ferromagnetic configurations were considered. The calculated phonon spectra are presented in Fig. 10 . For the T phase systems (bulk and monolayer) the resulting dispersions demonstrate a weak sensitivity to the magnetism. It is not the case for the H phase configurations. In the nonmagnetic state for H-monolayer and H-bulk we observe a soft phonon mode in the direction Γ−M−K for monolayer and in all symmetry directions for bulk. Existence of such a mode indicates structural instability. Importantly, in the ferromagnetic case the soft mode disappears, which means that the account of magnetism provides structural stability of H phase in both monolayer and bulk. The cause of this effect of magnetic configurations is the robustness of magnetic interactions (see Fig.6 and discussion above) which is the same order of magnitude as difference between structural phase. For H-bulk and T-monolayer ferromagnetic systems the calculations reveal the appearance of the indirect gap of 0.57 THz. Comparison of the calculated dispersion curves with available experimental data from Ref. 40 obtained by a point-contact spectroscopy and Raman methods can be fulfilled only for the Γ point for which experimental oscillation frequencies are 6.04 (25 meV) and 9.67 (40 meV) THz. Our theoretical values of 6.28 and 10.42 THz are in good agreement with experimental data.
Structural phase transition by stretching
The last step of our survey is the modeling of stretch which can appear in the monolayer due to substrate influence. To simulate this effect, we increase a and b lattice vectors of our structure and then relax atomic positions to find a new ground state corresponding to new lattice parameters. Results of the calculation evidence that a stretching more than 3 percent leads to phase transition of the ground state configuration from H to T in monolayer and bilayer VSe 2 (Fig. 11a ). Therefore, the experimentally observed structure 13 of T type can result from a substrate-induced strain. Another effect of the stretching is a decreasing energy barrier for migration between different configurations (Fig. 11b ). Here we define the energy barrier as energy difference between T structure and intermediate 30 • structure
CONCLUSIONS
Results of first-principles calculations demonstrate that the energy barrier for the transition between two structural states of VSe 2 monolayer with a step-by-step rotation of the single Se atom is rather high. From the other hand the energy cost of the rotation of whole selenium layer is rather low (about 0.60 eV for monolayer and 0.80 eV for bulk). In the case of the monolayer it could be realized with a heating of the samples. The excitation energies of the rotation of the selenium layer up to 10 • are very low, therefore, the realistic theoretical description of VSe 2 (from monolayer to bulk) should take into account these small deviations from ideal crystal structure.
Our calculations demonstrate that the transition from the experimentally observed T configuration to the H configuration is accompanied by a considerable change in electronic structure which is a redistribution of 3d electrons of vanadium between orbitals. Such transitions significantly influence on transport and thermal properties of VSe 2 . From the other hand, the values of magnetic moments and total energies of ferro-and antiferromagnetic configurations change gradually between two structural phases.
In all the considered cases (bulk, few-layer and monolayer) system demonstrate strong favorability of ferromagnetic structure. The analysis of the calculated phonon dispersions has demonstrated a principal role of the ferromagnetism in stabilization of the atomic structure of the VSe 2 monolayer in H phase and similar systems. On the basis of the obtained results we can conclude that the experimentally observed paramagnetism in bulk VSe 2 and contradictory results of magnetic measurements for monolayers on different substrates are not caused by structural changes.
The calculations for bi-and trilayers demonstrate that the energy barrier of transition is similar to monolayer. The strain, possibly induced by the substrate, provides the change of the most energetically favorable structure from H to T. Therefore, the experimental observation of T configuration can result from a VSe 2 structure stretching by more than 3 percent on substrates. Another effect of the stretching is a decrease of the energy barrier of transition between structural phases. Thus both strain and deviation from ideal structure should be taken into account for realistic description of VSe 2 monolayer on substrates.
Conflicts of interest
There are no conflicts to declare. For monolayer one can see that such a rotation scheme is less profitable in energy, since the barrier grows. In turn, the magnetic moment demonstrates the same behavior as with the arc rotation model. In the bulk case we obtain almost the same dependencies, but the maximum of the energy barrier at 30 • becomes larger than that in the case of the monolayer.
Supplementary Information: Structural phase transitions in VSe
Also we calculated partial densities of states of VSe 2 bulk in intermediate points of arc type of rotation with the 20 • step ( Fig  S2) . 
